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ABSTRACT 

The cosmological model in which 20% of the dark matter is shared by 
two nearly equal mass neutrinos fits the structure of the universe on all 
scales. This has been motivated by a Uu — > v T oscillation explanation of 

the deficit of atmospheric VnS. If the observed atmospheric tt ratio has 

an alternative explanation, the cosmological model can be retained if the 
deficit of solar neutrinos is explained by v e — > v T oscillation. In this case, an 
inverted neutrino mass hierarchy is required with m v <C m Ve « m Vr ^2.4 
eV. We show that if there exists an L e — L T symmetry in nature, then 
both the near mass degeneracy of v e and v Tl as well as the consistency of 
the above mass values for neutrino masses with the negative results of the 
neutrinoless double beta decay search experiments are easily understood. 
We show that this symmetry implemented in the context of a high-scale 
left-right symmetric model with the see-saw mechanism can lead to a simple 
theoretical understanding of the desired form of the mass matrix. 
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1. Introduction 

The standard electroweak model of Glashow, Weinberg and Salam pre- 
dicts that the neutrinos are massless. There are, however, strong indications 
from solar neutrino data that the only way to reconcile all four experimental 
results [1] with the calculations of the standard solar model[2] is to assume 
that the neutrinos have mass and they mix among themselves. There are 
also indications of a nonzero neutrino mass from attempts to understand 
the observed large scale structure in the universe. The best fit of any avail- 
able model to the structure on all scales, such as the anisotropy of cosmic 
microwave background, galaxy-galaxy angular correlations, velocity fields 
on large and small scales, correlations of galaxy clusters, etc. seems to be 
provided by the assumption that the dark matter in the universe is made 
up of about 75% cold (CDM) and about 20% hot dark matter (HDM). The 
obvious HDM candidate is a neutrino with mass in the few eV range. It 
has recently been argued that actually two neutrino species degenerate in 
mass (~ 2.4 eV) provide a better detailed fit to data than a single species 
with the same total mass [3]. 

Another observation in support of a nonzero neutrino mass comes from 
attempts to understand a possible deficit of muon neutrinos in the data 
on cosmic ray neutrinos observed in several recent experiments [4]. The 
conclusion of a neutrino mass from these latter experiments may be on a 
somewhat weaker footing, since all experiments are not in agreement, and 
also there exist arguments that the deficit may have an alternative explana- 
tion ( see, for example, Ref.5). The atmospheric neutrino deficit, explained 
by Vfj, — > v T oscillations with two nearly degenerate and v T was the orig- 
inal motivation for the two-neutrino cold plus hot dark matter model[3]. 
Because of the success of that model, we pursue here an alternative neu- 
trino mass scenario which could preserve the model even if the observed ^ 
ratio does not require a neutrino mass explanation. It will turn out that 
the neutrino mass hierarchy needed may have some advantages. 

2. Input information 

Of the variety of constraints on possible neutrino masses and mixings 
that come from accelerator searches for neutrino oscillations as well as 
cosmological and astrophysical considerations, we briefly summarize those 
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that are directly relevant for our considerations. 
Solar neutrino deficit: 

Because two out of the three types of solar neutrino experiments have 
to be wrong for an astrophysical explanation of the deficit to work [6], 
it is likely that the explanation of these data involves the oscillation of 
the v e to another species of neutrino. The required mass-squared dif- 
ference is Am^ ~ 10 eV where i = \x or r. The mixing angles fa- 
vored by data[7] are sin 2 29 ~ 0.007, the so-called small-angle Mikheyev- 
Smirnov-Wolfenstein(MSW) solution and sin 2 26 ~ 0.8 - 1.0, the MSW 
large-angle solution. There is also a vacuum large-angle solution, which 
requires Am^ ~ 10~ 10 eV 2 . 

Neutrinoless double beta decay: 

The latest results from the search for neutrinoless double beta decay in ^Ge 
seem to imply (with a possibly optimistic set of nuclear matrix element 
evaluations) that (m Ve ) < .68 eV at the 68% confidence level [8]. Other 
matrix elements could increase that limit by up to a factor of two. The 
effective neutrino mass measured in that process is 



where each neutrino of mass mi contributes to the total through the mixing 
matrix element U e i, but with a sign rji = ±1 determined by its CP-eigen- 
value, so that cancellations can occur. 

Supernova r-process: 

It has been noted by Qian et al[9] that for mass-squared difference \m 2 e — 
m vx I ( wnere X = \i or r) in the > eV 2 range, an MSW resonance condition 
can be met in the supernova environment causing rapid transition of and 
v T to v e , provided the mixing angles satisfy the constraint sir?2Q > 10~ 5 or 
so. Since the v u and v T energies are about a factor of two larger than the v e 
energies, such transitions generate extra energetic z/ e 's which have a larger 
cross-section for v e + n — > p + e _ , depleting neutrons. The rapid capture of 
neutrons (r-process) in the neutrino-heated ejecta of supernovae is believed 
to be responsible for much of the production of the heavy elements; so one 
infers that for mass differences in the above range, the mixing angles must 




(1) 
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be severely restricted. This constraint, if taken seriously, is therefore very 
relevant to the discussion of consistent neutrino mass matrices. One way to 
avoid this bound is to have m Ve 3> m v ^ so that the MSW resonance condi- 
tion is not met . However this possibility has the apparent drawback that 
in this situation the MSW resonance condition occurs for — > V e leading 
to contradictions with the celebrated V e data of 1MB and Kamiokande ex- 
periments from SN1987A. In a recent paper [10], Fuller, Primack and Qian 
have shown that this effect is not as strong as one might have suspected, 
leaving this way to avoid the SN r-process bound as a viable mechanism. 

An arrangement of neutrino masses which satisfies the three inputs 
above, as well as providing the two-neutrino version of the cold plus hot dark 
matter, would have m v ^ <C m Ve ~ m Vr « 2.4eV, with Am^ T ~ 1CP 5 eV 2 
for the large-angle MSW resolution to the solar neutrino deficit. The r- 
process constraint is avoided by the inverted mass hierarchy. If the v e was 
a Dirac particle, either of the two MSW solutions could be used, but in 
theoretical frameworks driven by elegant symmetry considerations, one is 
forced to use the large-angle solution, which then leads to an automatic 
cancellation between the v e and v T contributions in the neutrinoless double 
beta decay amplitude in equation (1). In this Letter, we show that the rele- 
vant symmetry is a global L e — L T symmetry implemented in the framework 
of the left-right symmetric model, which not only leads to near degeneracy 
between the v e and v T masses, but also it automatically satisfies the neu- 
trinoless double beta decay constraint, regardless of the absolute values of 
those masses. The scale of left-right symmetry in the simplest version of 
the model has to be in the 10 12 GeV range. In the low energy limit, this 
model coincides with the standard electroweak theory with the additional 
feature that the neutrinos have the desired mass pattern. We later point 
out some phenomenological implications of the model. 

3. L e — L T symmetry and v e -v T degeneracy implemented in a gauge 
model 

To see the main points of this discussion, let us ignore the muon neu- 
trino temporarily and consider only the v e and the v T with the following 
mass matrix: 
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If we assume that Si 2 ^ m ? then L e — L T becomes a good symmetry of 
the model and the eigenvalues of this matrix become nearly degenerate. 
Furthermore, the effective mass observed in neutrinoless double beta decay 
in this case becomes 

(mu e ) ^ S, 

where S is equal to (Si + <$2)/2. Thus the double beta decay constraint is 
easily satisfied. We can extend this discussion to the case of three neutrinos 
easily as long as m v ^ is very small. The full 3x3 matrix in this case would 
be 

( — mj3 — S —pi m + S \ 
-[ii [i -m . (3) 
m + S —[xi m(3 — S J 

In the above matrix, we choose m = 2.4 eV to fit the HDM; S ~ 1(T 5 eV to 
fit the large-angle MSW solution; f3 ~ (1 — sin 2 29 eT ) where 9 eT is the angle 
required by the large-angle MSW solution to the solar neutrino problem. 
The ratio [ii/m denotes the z/^z/ e mixing angle that can be measured in the 
Vfj, to v e oscillation experiments; finally, the parameter [i ( which is m) 
is the mass. Let us now proceed to the derivation of the full 3x3 mass 
matrix in a left-right symmetric gauge model. 

We will work within the conventional SU{2)i x SU(2)r x U(l) b-L 
models with the see-saw mechanism supplemented by a physical global 
symmetry U — i which we will assume to be softly broken. Let us start 
by displaying only the leptonic and the relevant Higgs sectors. We denote 
the lepton doublet by iff = [y^ e\) ( where % denotes the generation index ) 
and assign the ifi^ and ifiR to the left- and right-handed doublets under the 
gauge group. For the Higgs sector, we choose the conventional multiplets of 
the usual left-right symmetric model[ll]; i.e., A^(3, 1, +2) © A^(l, 3, +2) 
with L e — L T quantum number zero; we choose two sets of bi-doublets 
denoted by ^(2, 2,0) with L e — L T quantum numbers and 1. As in 
Ref. 11, the VEV of breaks the SU(2) R symmetry. We will assume 
this scale to be in the range of 10 11 to 10 12 GeV. The VEV's of <j> a break 
the standard model gauge symmetry. The important point for us is that 
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the potential minimization [11] leads to an induced VEV for A° L given by 
vt ~ A-rr- which is now of order of a few eV's for A ps 10~ 2 to 10 _1 , 
where vi and vr are the VEV's of and A R , respectively, and A is a 
scalar self coupling in the Higgs potential. 

To see the detailed structure of the neutrino masses, let us write down 
the Yukawa couplings of the leptons and the Higgs multiplets: 

W = S i=l,2,3 Ki^iL^iR + hw&eLMiiR + ^23'<Vl < / , iVv.R+ 

t T 

[L — > R and 0o ~~ > 4>q an d </>l ~~ > T 2<^i r 2\ 
+ [MeL^ T L^L + h^L^L^L + L —> R] + h.c. 

It is now easy to see that after symmetry breaking , one obtains the fol- 
lowing 6x6 mass matrix in the basis [{v e , v T ), (N e , N^, N T )] ( where we 
have denoted the right-handed neutrinos by Nj): 

M ( m LL rn LR 
MB =\ml R M RR 

where 



and 
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Note that in deriving the above m^Ri we used the fact that under left-right 
transformation we must have — > T20i T2, since <f>i possesses a non-zero 
L e — L T quantum number. 

We see that the see-saw mechanism is fully operative for all three neu- 
trino generations, and the dominant mass for the light neutrinos arises from 
the vi contributions . Since it conserves L e — L T symmetry, the mixing 
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between the v e and v T is maximal. The also gets a mass from the vj_, 
term at this level. We choose f<i <C f\ so that m V)1 <C eV. The v e — v T 
mass degeneracy is split by the L e — L T violating contributions that come 
from the Dirac mass sector after the 0i 2 acquire VEV. An interesting point 
is that if we choose the right-handed mass scale to be of order 10 12 GeV, 
then the v e v T mass splitting is naturally of order m 'HMRi. which is pz 10 -5 
eV ( for vji ~ 10 11 GeV ) as required by the large-angle MSW solution. 
These L e — L T violating terms also lead to the parameter f3 in Eq.(3), which 
can make the sim?26 eT slightly less than one . The v e — mixing angle, 
however, comes naturally of the right order of magnitude if we choose the 
parameters h^j suitably and k\ <C k^. 

4. Phenomenology 

In this gauge model neutrinoless double beta decay is completely un- 
observable, but since the v e mass is about half the present limit from mea- 
surements at the endpoint energy of beta decay [12], perhaps future 
work could test this hypothesis. The required large-angle MSW resolution 
of the solar neutrino puzzle could also be tested by the day-night effect in 
the solar neutrino flux when Super Kamiokande becomes operative. 

Since the v^ — v T mass splitting is large, ( i.e., Am 2 r ~ 6 eV^) it is pos- 
sible that the currently operating CHORUS and NOMAD experiments at 
CERN or the future E803 experiment at Fermilab would detect neutrino os- 
cillations. It is especially intriguing that the preliminary LSND observation 
of Vn — > I7 e [13], for which also Am^ ~ 6 eU 2 , may be compatible with this 
model. Indeed, it was the primary motivation of two recent preprints [10, 14] 
in proposing this neutrino mass scheme to reconcile the LSND result re- 
sult with the r-process constraint. We wish to emphasize that the LSND 
data could provide corroboration, but the mass matrix model is motivated 
without this information. 

The Raffelt-Silk preprint [14] also suggested a variation of our scenario 
of three nearly degenerate neutrinos {m Ve m v m Vr ps 1.6 eV) [15,16] 
but with the v e and masses inverted. While this avoids the r-process 
bound and also provides for a v^^>v T explanation of the atmospheric neu- 
trino deficit, it does not satisfy the constraint from neutrinoless double 
beta decay, unless one chooses a maximal mixing angle scenario, as ad- 
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vocated in ref.17, with long- wavelength vacuum oscillation to resolve the 
solar neutrino puzzle. This is also unlikely to be borne out by LSND. The 
other preprint [14] also introduced a version of the four- neutrino scheme 
(suggested by us earlier [15]) to provide an explanation of the atmospheric 
neutrino problem but again inverting the v e and masses, which makes 
the v e a Dirac neutrino. To accommodate a hot dark matter component, 
the atmospheric neutrino deficit and a solar v e deficiency, it is necessary 
to introduce a sterile neutrino, if the scheme with three nearly degenerate 
neutrinos does not work. The four-neutrino version we presented before[15] 
and which has theoretically favored Majorana masses, might still avoid the 
supernova constraints if the sterile neutrino alters the supernova dynamics 
sufficiently. 

5. Conclusion 

In summary, we have discussed the theoretical and phenomenological 
consequences of an inverted mass hierarchy scenario for the three known 
neutrinos that can account for the constraints on neutrino masses and mix- 
ings: the solar neutrino deficit, mixed dark matter picture of the universe, 
r-process generation of heavy elements, and the lower limits on the lifetime 
for neutrinoless double beta decay. This scenario does not account for the 
atmospheric neutrino deficit, which would have to have some alternative 
explanation. We show that the conventional left-right symmetric models 
with a softly broken global L e — L T symmetry and a high scale for the 
right-handed symmetry breaking very naturally generate such mass matri- 
ces. The day-night effects in the solar neutrino flux, as well as neutrino data 
from future supernovae[18], can test such models. Earlier evidence could 
come from the neutrino oscillation experiments such as LSND, CHORUS 
and NOMAD. 

One of the authors ( D. O. C.) would like to thank G. Fuller, S. T. 
Petcov, J. R. Primack and G. Raffelt for discussions. 
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